Most recent evidence suggests that the process of tissue repair is driven by stem-like cells that reside in multiple tissues but are replenished by precursor cells from bone marrow. Among the candidates for the reparative cells are the adult stem cells from bone marrow referred to as either mesenchymal stem cells or marrow stromal cells (MSCs). We recently found that after MSCs were replated at very low densities to generate single-cell-derived colonies, they did not exit a prolonged lag period until they synthesized and secreted considerable quantities of Dickkopf-1, an inhibitor of the canonical Wnt signaling pathway. We also found that when the cells were cocultured with heat-shocked pulmonary epithelial cells, they differentiated into epithelial cells. Most of the MSCs differentiated without evidence of cell fusion but up to one-quarter underwent cell fusion with the epithelial cells. A few also underwent nuclear fusion. The results are consistent with the interesting possibility that MSCs and similar cells repair tissue injury by three different mechanisms: creation of a milieu that enhances regeneration of endogenous cells, transdifferentiation, and perhaps cell fusion.
O
ne of the most intriguing questions in both biology and medicine is: How do complex organisms repair injured tissues? The repair of tissues in mammals is not as efficient as the dramatic regeneration of whole body parts that is observed in simple organisms such as planaria, hydra, or even vertebrates such as newts (see ref. 1) . At the same time, it is apparent that tissue repair is an ongoing process throughout the lives of the most complex organisms.
How Are Tissues Repaired? The Cohnheim Hypothesis
One hypothesis about tissue repair in mammals was advanced in the middle of the 19th century by Cohnheim (2) , who suggested that all of the cells come from the bloodstream and therefore, in light of subsequent observations, from the bone marrow. Cohnheim's hypothesis has been the subject of much debate and experimentation. Some early experiments in animal models appeared to rule out the possibility that any of the noninflammatory cells involved in healing tissues and organ originated from the bloodstream and bone marrow (see ref. 3) . Therefore, most studies on wound repair focused on cells resident in the tissues such as pericytes that are seen to proliferate during the repair in most tissues (see refs. 4 and 5) . The interest in resident, reparative cells has been heightened by the recent observations that small, stem-like cells with considerable plasticity are found in a variety of tissues including muscle (6, 7) , fat (8) , liver (9, 10) , synovial membranes (11) , and brain (12) . At the same time, recent observations have largely validated Cohnheim's hypothesis and indicated that the stem cells found in most tissues are replenished by stem cells for nonhematopoietic tissues found in the marrow.
Reparative Cells from Bone Marrow: Data from Experimental Animals
A large series of reports have indicated that marrow-derived cells were found to engraft as differentiated cells into multiple tissues after infusion into experimental animals of either whole bone marrow or one or more subpopulations from marrow. The number of such publications is now too large to summarize in the present context. (For a partial list of the publications, see refs. 4 and 13-27.) Also, several reports have described isolation of precursor cells for nonhematopoietic tissues from peripheral blood (28) (29) (30) . However, several recent publications have challenged some of the evidence that bone marrow contains cells that can repair nonhematopoietic tissues.
Wagers et al. (31) transplanted single hematopoietic cells that expressed GFP into lethally irradiated mice and examined parabiotic mice in which the cells of one partner expressed GFP. They concluded that there was ''little evidence for developmental plasticity of adult hematopoietic stem cells.'' Their results therefore seemed to challenge several publications reporting that some hematopoietic stem cells can also differentiate in vivo into nonhematopoietic cells (see refs. [23] [24] [25] . As indicated by the subsequent exchange of comments (32, 33) , the apparent discrepancies are probably explained by several subtle differences in the experimental conditions. In particular, there were differences in the subpopulations of the cells used for the experiments and in the sensitivity and the stability of the genes used to mark the donor cells. A similar challenge came from the report by Castro et al. (34) , who followed LacZ gene label in hematopoietic stem cells, referred to as SP cells, after i.v. infusion into mice that were lethally irradiated. They examined brains from the recipient mice and interpreted their results as a ''failure of bone marrow cells to transdifferentiate into neural cells in vivo.'' Therefore the results were apparently inconsistent with several previous reports that identified donor-derived neural cells in mice after i.v. infusion of bone marrow cells (15, 16, 21) . As again reflected in an exchange of comments (35, 36) , the apparent discrepancies can probably be explained by a number of critical experimental variables.
A further challenge to some of the conclusions about reparative cells in bone marrow came from reports indicating that at least some of the plasticity of adult stem cells can be attributed to cell fusion and not direct differentiation (37) (38) (39) . Cell fusion was observed when adult stem cells from the CNS (37) or unfractionated mononucleated cells from marrow (38) were added to cultured embryonic stem cells, and the added cells were selected for by the presence of a selectable marker gene. The resulting tetraploid cells exhibited full pluripotentiality, including multilineage contribution to chimeras (37) . In unrelated experiments, bone marrow-derived hepatocytes were serially transplanted into transgenic mice that are a model for tyrosinemia (40) . The results indicated that the marrow-derived hepatocytes that rescued the mice arose by cell fusion and not by differentiation.
At the moment it is difficult to resolve all of the apparent discrepancies in observations on the presence of reparative cells in bone marrow, but several generalizations can be made. One is that many of the apparent discrepancies are explained by the surprisingly difficult problem of devising markers for donor cells that are sensitive enough and that remain stable after the cells engraft into diverse tissues. Another is that the level of engraftment of marrow-derived cells into nonhematopoietic tissues is low unless the recipient animal is a rapidly growing embryo or newborn animal or has injury to some organ or tissue. Unfortunately, it has been extremely difficult to define the kind and degree of tissue injury that promotes engraftment. Still another generalization is that many of the apparent discrepancies can be explained by subtle but critical differences in the donor cells used for the experiments. For example, the inbred strain of mice used for donor cells (41) or even the cell cycle of the infused cells (42) can critically affect the results. Finally, the observations indicating that cell fusion is unexpectedly common in experiments with adult stem cells raise a new series of unanswered questions as to the fate of such cells during repair of tissue damage. Cell fusion cannot explain the ability of clonally derived marrow cells to differentiate into multiple cell phenotypes in culture (for examples, see refs. 43 and 44) . The possible contribution of cell fusion to the engraftment and differentiation of marrow-derived cells observed in in vivo experiments has not been defined. The available data do not resolve questions such as: Are the fused cells dead-end products that disappear with time, or are they intermediates in the normal process of tissue repair?
Reparative Cells from Bone Marrow: Data from Patients with Marrow or Organ Transplants
In view of the questions raised by some of the observations in experimental animals, it is surprising that the most convincing evidence for Cohnheim's hypothesis appears to come from assays on tissues of patients who have received either bone marrow transplants or organ transplants. In female patients who received bone marrow transplants from male donors, male cells were found in the liver as hepatocytes and cholangiocytes (45) , in kidney as tubular epithelial cells (46) , in lung as epithelial and endothelial cells (47) , in heart as cardiomyocytes (48) , and in brain as neurons (49) and Purkinje cells (50) . In most of the reports, the number of differentiated cells detected was small. In patients who received allografts of organ transplants, the number of differentiated recipient cells detected in the organ was low in many patients, but high in some instances in which pathological changes occurred in the organ. A value of 38% of cholangiocytes and 43% of hepatocytes were male in a male who received a female liver and then developed fibrosing cholestatic recurrent hepatitis C (45) . In males who received cardiac transplants from female donors, the Y chromosome was detected by cardiac biopsies in a mean of 0.04% of cardiomyocytes in one study (51) and 0.16% in a second study (52) . However, 29% of the cardiomyocytes contained the Y chromosome in ''hot spots'' of pathological changes in the heart of the only 1 of the 5 patients in the first study who died of cardiac rejection (51) . In patients who received lung allografts (53), recipient-derived cells were detected as bronchial epithelial cells, type II pneumocytes, and seromucous glands lying adjacent to large bronchi in the transplanted lungs from all seven patients. The chimerism was as high as 24% in epithelial structures displaying chronic injury. Taken as a whole, the results indicate that although many tissues contain stem-like cells that can participate in tissue repair, the resident cells in tissues are replenished by cells from the bloodstream and the bone marrow during some forms of tissue repair.
Which Cells from Bone Marrow?
A more difficult question to resolve has been: Which cells from bone marrow repair injured tissues? A number of candidate cell types are currently being explored, including marrow cells that can serve as hematopoietic precursors (23) (24) (25) 43 (89) and to enhance engraftment of heterologous bone marrow transplants (90) .
Properties of MSCs
Despite the great interest in MSCs, the cells are still poorly characterized. Part of the difficulty lies in the subtle changes the cells undergo as they are expanded in culture. The adherent cells initially isolated from whole bone marrow readily can be cloned as single-cell-derived colonies if they are plated at very low densities of 1-10 cells per cm 2 (43, 62, (91) (92) (93) . The single-cellderived colonies can be differentiated into either osteoblasts, adipocytes, or chondrocytes in culture or in vivo. Therefore, they are multipotential and can differentiate without cell fusion. However, the cells within the single-cell-derived colonies are morphologically heterogeneous (57) in that they contain both small, rapidly self-renewing cells (RS cells) and larger, more slowly replicating cells (44, 57, (91) (92) (93) . The cultures can be expanded rapidly and over one billion-fold in Ϸ8 weeks. The cultures remain relatively rich in RS cells through four or five passages if they are maintained at low cell density. If allowed to reach confluency, or if expanded beyond the Hayflick limit of Ϸ50 population doublings, the cultures are dominated by larger, more mature cells that gradually cease to proliferate (44, 63) . Cultures enriched for RS cells have a greater potential to differentiate than cultures of the large, mature cells. However, confluent cultures of the large, mature cells continue to secrete a number of growth factors, an observation consistent with their ability to serve as feeder layers for hematopoietic stem cells.
By analogy with the hematopoietic stem cell system (69, 70), the RS cells seen in early-passage, low-density cultures (Fig. 1 ) are comparable to transitory amplifying cells that also replicate rapidly in culture. Therefore, RS cells probably do not constitute the earliest progenitors in the pathway. Also, they may not account for all of the marrow-derived cells that are seen to engraft and differentiate in many of the animal models that have been studied. Some of the results obtained with experiments in vivo may be explained by other subfractions of marrow cells. For example, Verfaillie and her associates (24, 43) isolated marrow cells referred to as multipotential adult progenitor cells (MAPCs) that are more multipotential than MSCs in that they can differentiate into hematopoietic cells. They also may more readily differentiate into other cell phenotypes and are incorporated into many tissues after injection into mouse embryos. MAPCs differ from MSCs in that they appear in cultures after extensive incubation in medium containing low concentrations of serum and a mixture of growth factors, express telomerase, and are apparently immortal in culture. Another possible candidate is the rare hematopoietic stem cell isolated by Krause et al. (23) that can engraft in vivo as epithelial cells. The current data, however, do not exclude a number of other possibilities as to which cells in marrow can most effectively home to and repair injured tissues. The most likely possibility is that some subfractions of cells more effective in repairing one type of tissue injury but other subfractions are more effective in repairing other types of tissue injury.
Recent Results
Conditions for Culture and Expansion of MSCs. If marrow cells are to be used for cell and gene therapy, it will be important to define the conditions for isolation and expansion of the cells. As demonstrated by Friedenstein and colleagues (54, 55) , MSCs are relatively easy to isolate from marrow from most species by their adherence to tissue culture plates and flasks. However, the cells display several unusual features as they expand in culture. One of the intriguing observations (63, 91) made with early-passage MSCs is that they display a prolonged lag phase of 3-4 days whenever they are plated at low density in tissue culture (Fig. 2) . The lag phase is followed by a phase of rapid exponential growth during which the cells have doubling times as short as 10 h (93). The cultures then pass into a stationary phase in which singlecell-derived colonies markedly decease their rate of proliferation without colony-to-colony contact (44, 63, 91) . If the stationaryphase cultures are replated at low density, they replicate the lag phase, exponential growth phase, and stationary phase through four or five passages. In initial experiments, we observed that conditioned medium from stationary cultures increased expansion of MSCs when added to newly initiated cultures (94) . One of the active components in the conditioned medium had a molecular mass of Ϸ30 kDa. Recently, we (95) demonstrated that the active principal in the conditioned medium was Dickkopf-1 (Dkk-1), an inhibitor of the canonical Wnt signaling pathway. The addition of recombinant Dkk-1 decreased the lag period (Fig. 2) , and antibodies to Dkk-1 prolonged the lag period. In the early log phase, MSCs synthesized and secreted considerable quantities of Dkk-1, but expression of the Dkk-1 gene and its receptor LRP6 ceased as the cells approached the stationary phase. As the cultures expanded, the gene for Wnt5a demonstrated a reverse pattern of expression in that the gene was not expressed in early log-phase cultures, but was expressed in stationary cultures (Fig. 3) . The expression of Wnt5a by stationary-phase cultures was consistent with their role as feeder layers for hematopoietic stem cells, because recent observations indicate that several Wnt ligands enhance hematopoiesis (96) (97) (98) (99) .
A Simplified System for Studying Repair by MSCs in Culture. The difficulty of carrying out experiments in animal models with MSCs and other marrow cells has prompted us to develop a coculture system to study the repair of injured cells and tissues by MSCs. In initial experiments, we (100) cocultured MSCs with heat-shocked human small airway epithelial cells (SAECs).
In culture, SAECs formed a continuous monolayer of broad, flat cells with a raised perinuclear region (Fig. 4) . In the same serum-free medium used to culture SAECs, MSCs became thin and elongated. Therefore, as a first approximation, it was possible to follow differentiation of the MSCs by light microscopy. After heat shock of the SAEC cultures, the epithelial monolayer was disrupted as many of the cells became necrotic and apoptotic. After addition of MSCs labeled with GFP to the heat-shocked SAECs, some of the GFP Differentiation of the MCSs was also examined by sorting the cocultures for cells that were positive both for GFP and CD24, an epitope found on the epithelial cells but not on the MSCs. After coculture for 1 wk, assays by flow cytometry demonstrated that Ϸ4% of the added GFP ϩ cells were positive for both GFP and CD24. About three-quarters of the isolated doubly positive cells were mononucleated. One-quarter were binucleated, an observation consistent with cell fusion.
In further experiments, male GFP ϩ MSCs were cocultured with female heat-shocked SAECS, GFP ϩ ͞CD24 ϩ cells were isolated from the cocultures, and the double-labeled cells were assayed for the X and Y chromosome by in situ hybridization (Fig. 6) . GFP ϩ ͞CD24 ϩ cells were seen that contained a single nucleus with one Y and one X chromosome, an observation consistent with direct differentiation of a male MSC. A number of cells contained a single nucleus with one Y and three X chromosomes, indicating that a male MSC and a female SAEC had undergone both cell fusion and nuclear fusion. A rare cell was found with a single nucleus that contained one Y and five X chromosomes, indicating fusion of three nuclei, one from a male GFP ϩ MSC cell, and two from female SAECs.
Conclusions
The cyclical expression of Dkk-1 and Wnt5a by MSCs in culture provides a simple explanation for why the cells repeatedly display a lag phase, an exponential growth phase, and a stationary phase as they are passed in culture (63, 91) . Within bone marrow, the expression of Wnt5a instead of Dkk-1 may prevent MSCs from expanding at the extremely rapid rate seen in low-density cultures ( Fig. 1) and thereby prevent them from overpopulating the marrow. Also, the expression of Wnt5a is consistent with effectiveness of MSCs in serving as feeder layers for hematopoietic stem cells, because recent observations indicate that several Wnt ligands enhance hematopoieses (96) (97) (98) (99) . The results also raise the possibility that recombinant Dkk-1 or analogues can be used to enhance the expansion of RS cells in culture and perhaps in vivo. In related experiments (95), we observed that Dkk-1 was secreted by two lines of osteosarcoma cells as they exited a lag phase similar to the lag phase seen with MSCs. Therefore, it is possible that antagonists of Dkk-1 may be useful to limit the growth of some malignancies.
The coculture system with MSCs and epithelial cells made it possible to demonstrate directly the response of MSCs to cell injury (100) . Up to 4% of the added MSCs differentiated into epithelial cells. Therefore it should be possible to use the system to isolate the signals released by the heat-shocked epithelial cells that attract MSCs and initiate their differentiation. Most of the MSCs that differentiated did so without any evidence of a cell fusion event. However, cell fusion occurred with up to onequarter of the cells that acquired an epithelial phenotype (Fig.  7) . Fusion of the MSCs and the epithelial cells was confirmed by the observation that some of the cells also underwent nuclear fusion. The rate of cell fusion was unexpectedly high for a system in which the process was not driven by membrane damage or amplified by selective pressure (see refs. [37] [38] [39] . At the moment it is not clear whether the high rate of cell fusion is a unique property of MSCs or some fortuitous combination of the MSCs and the heat-shocked epithelial cells. Also, because proliferation of cells in the system ceased after Ϸ48 h under the conditions used here, it was not possible to define the fate of the fused cells. Further refinement of the coculture system should make it possible to resolve these and other issues.
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